Summary
The Hippo signaling pathway acts via the Yorkie (Yki)/Yesassociated protein (YAP) transcriptional coactivator family to control tissue growth in both Drosophila and mammals [1] [2] [3] . Yki/YAP drives tissue growth by activating target gene transcription, but how it does so remains unclear.
Here we identify Mask as a novel cofactor for Yki/YAP. We show that Drosophila Mask forms a complex with Yki and its binding partner, Scalloped (Sd), on target-gene promoters and is essential for Yki to drive transcription of target genes and tissue growth. Furthermore, the stability and subcellular localization of both Mask and Yki is coregulated in response to various stimuli. Finally, Mask proteins are functionally conserved between Drosophila and humans and are coexpressed with YAP in a wide variety of human stem/ progenitor cells and tumors.
Results and Discussion
The Hippo signaling pathway is an emerging tumor suppressor pathway in Drosophila [4-11] and mice [12] [13] [14] . The key effector of the Hippo pathway is the Drosophila Yorkie (Yki)/ mammalian Yes-associated protein (YAP) (reviewed in [1] [2] [3] ). Yki/YAP is a transcriptional coactivator whose nuclear localization and activity is inhibited upon phosphorylation by the Wts kinase [15] [16] [17] . Yki/YAP is an oncogenic component of the pathway that is sufficient to drive tissue overgrowth when overexpressed in either Drosophila tissues or mouse tissues such as liver and intestine [15, [18] [19] [20] [21] . In addition, YAP is nuclear in human cancer cell lines but translocates to the cytoplasm upon contact inhibition of cell proliferation at confluence [22] . Drosophila Yki acts by binding to transcription factors, such as Scalloped (Sd), Homothorax, and Teashirt, to activate the expression of genes promoting cell proliferation and survival, such as cyclin E, myc, DIAP1, and bantam [5, [23] [24] [25] [26] [27] [28] , as well as genes encoding upstream components of the Hippo pathway, such as expanded, merlin, kibra, and four-jointed [29] [30] [31] . Thus, Yki promotes tissue growth by regulating the transcription of target genes, but how it does so is poorly understood.
In an in vivo RNAi screen based on the Vienna Drosophila RNAi Center library, we identified the mask (CG33106) gene as having a strong undergrowth phenotype in the wing and eye when silenced by expression of an inverted-repeat (IR) hairpin RNAi transgene (mask-IR), as opposed to the effect of wts-IR, which causes tissue overgrowth ( Figures 1A-1I ). To confirm these results, we used a null mutation in the mask gene mask 10.22 [32] to generate homozygous mutant eyes with the eyeless.flp FRT Minute system. mask 10.22 mutant eyes were much smaller than controls ( Figures 1J and 1K ). In the developing larval wing imaginal disc, mask 10.22 mutant clones proliferated poorly, growing to only 10% of the size of their wild-type ''twin-spot'' clones ( Figures 1L-1N ). These data show that mask is essential for cell proliferation and tissue growth. The mask loss-of-function phenotype is similar to that caused by mutants in the Hippo pathway component yki [15] but distinct from that of other signaling pathways such as the Ras pathway (see Figure S1 available online).
We next examined whether mask is required for the expression of Yki target genes. Silencing of mask in the posterior compartment of the wing disc by expression of mask-IR with hh.gal4 led to a significant reduction in the expression of four-jointed.lacZ and DIAP1.lacZ reporters (Figures 2A-2F ). In mask 10.22 mutant clones, the levels of expression of four-jointed.lacZ, DIAP1.lacZ, and expanded.lacZ were also reduced compared to their levels in wild-type surrounding cells ( Figures 2G-2I ). These results show that mask is required for the expression of Yki target genes.
The mask gene encodes a very large protein of 4,001 amino acids containing two highly conserved ankyrin-repeat domains and a KH domain ( Figure 2J ). The KH domain was first identified in the hnRNP K protein, which was originally found in association with RNA in ribonucleoprotein particles but later found to bind to DNA via its KH domain and to act as a transcriptional cofactor for p53 by facilitating assembly of the transcription factor complex on DNA [33] . Similarly, the NF-kB transcription factor must form a complex with the KH-domain protein RPS3 on certain target genes to drive transcription [34] . We therefore tested whether Mask could interact with Yki on target-gene promoters. In immunoprecipitation experiments, we find that the ankyrin-repeat domains of Mask are able to bind to an EGFP-tagged form of Yki ( Figure 2K ). In addition, we performed a DNA pull-down experiment with a biotintagged 583 bp fragment of the DIAP1 promoter that contains multiple Sd binding sites. When the DNA is pulled down with streptavidin-coated beads from S2 cells transfected with Yki and Sd, we find that endogenous Mask binds with Yki and Sd to the DIAP1 promoter, but not to a negative control actin sequence ( Figure 2L ). RNAi knockdown of Sd reduced the binding of Mask to the DIAP1 promoter ( Figure 2M ). These results indicate that Mask is able to complex with Yki/Sd on target-gene promoters.
We next performed genetic epistasis experiments. Overexpression of Yki in clones of cells is sufficient to cause a strong overproliferation phenotype (Figures3A and 3B) . In contrast, when Yki is overexpressed in mask 10.22 mutant clones, it is no longer able to induce overproliferation ( Figures 3C-3E ). Overexpressed Yki accumulates in the cytoplasm and nucleus of both wild-type and mask 10.22 mutant cells, indicating that Mask is not essential for Yki to enter the nucleus ( Figures 3F  and 3G ). The overgrowth of clones mutant for wts or expressing nonphosphorylatable or nuclear-localized Yki is also partially suppressed by mutation of mask (Figures 3H-3O; Figure S2) . Furthermore, the activation of Yki target-gene transcription in wts mutant clones is suppressed by mutation of mask (Figures 3Q-3S ). These results show that Mask is not required for activation or nuclear localization of Yki but is *Correspondence: barry.thompson@cancer.org.uk instead required for Yki to normally activate transcription of its target genes. However, Yki still retains some activity in the absence of Mask, as indicated by the fact that wts, mask double mutants grow larger than mask single mutant clones.
Drosophila Mask has two human homologs, which we name Mask1 (also called ANKHD1) and Mask2 (also called ANKRD17) ( Figure 2J ). We find that both Mask1 and Mask2 can coimmunoprecipitate with FLAG-tagged YAP ( Figure 4A ). YAP 5SA strongly induces CTGF expression in human cells, but not when the cells are cotransfected with siRNAs targeting either YAP or both Mask1 and Mask 2 ( Figure 4B ). Mask1 and Mask2 colocalize with YAP in the nucleus of sparsely plated HEK293 cells and cytoplasm of densely confluent HEK293 cells (Figures 4B and 4C) . Translocation of Mask1, Mask2, and YAP was also observed in Caco2 cells ( Figure 4D ). These results show that human Mask proteins bind to and colocalize with YAP to promote target-gene expression. We observe a similar coregulation of Mask and Yki localization and stability in Drosophila ( Figure S3 ). Finally, we examined the expression of YAP, Mask1, and Mask2 in human epithelial tissue sections. We find that the three proteins are strongly expressed in the basal cell layer of epithelial tissues, where stem/ progenitor cells are located (Figures 4E-4G) . A systematic survey of YAP and Mask1 expression confirms that they are coexpressed in a wide variety of human tissues and tumors ( Figure S4 ). Note that similar results are described by Sansores-Garcia et al. in this issue of Current Biology [35] .
In conclusion, Mask proteins are novel cofactors for Yki/YAP whose function is conserved between Drosophila and humans. Mask acts in a similar fashion to other KH-domain cofactors for NF-kB and p53, being coregulated with their cognate transcription factor in response to signals and assembling with their cognate transcription factor on promoters to drive transcription [33, 34] (Figure 4H ). Thus, KH-domain cofactors represent a novel class of control mechanism for signal-regulated transcription factors. Given the essential role of Mask in Yki/YAP function and the increasing evidence implicating human YAP in stem cell proliferation and tumorigenesis, human Mask proteins are candidate targets for new cancer therapies. 
